The aquatic herbivorous and capital breeding moth Acentria ephemerella Denis and Schifferm€ uller, 1775 feeds on submerged pondweeds, Potamogeton spp., and is highly preyed upon by fish in the littoral zone. We studied the spatiotemporal within lake variability of length, sexual size dimorphism (SSD) and sex ratio of A. ephemerella pupae and of larval population densities. Population densities at three sampling sites strongly increased from July to August and were significantly higher at the Reichenau site in July. Acentria ephemerella sex ratio was male biased at the G€ uttingen and Hagnau sites, but showed unbiased or slightly biased sex ratios at Reichenau. The SSD was strongly female biased. Female size and SSD declined during summer, possibly due to reduced food quantity/quality. The SSD was highest at Reichenau, with little to no differences between Hagnau and G€ uttingen. At Reichenau, the high population size in July coincided with an unbiased sex ratio, and large SSD/female size due to multiple, possibly interacting factors, including fish predation.
Introduction
Sexual size dimorphism (SSD) is a common phenomenon in many insect species (Blanckenhorn 2005; Stillwell, Blanckenhorn, Teder, Davidowitz, and Fox 2010; Tammaru, Esperk, Ivanov, and Teder 2010) . The ultimate and proximate causes of SSD variability have been studied intensively in the last decade Tammaru et al. 2010) . The SSD shows strong inter-and intra-specific variability largely reflecting different reproductive adaptations of the sexes (Abouheif and Fairbairn 1997; Blanckenhorn et al. 2007; Allen, Zwaan, and Brakefield 2011) . The degree and direction of SSD is often caused by sex-specific sensitivity to environmental conditions (Teder and Tammaru 2005; Cox and Calsbeek 2010; .
Experimental studies have shown variability in SSD in response to temperature and food quality as characteristic cues of seasonality (Teder and Tammaru 2005; , and to predation combined with seasonal time constraints (Mikolajewski, Wohlfahrt, Joop, and Beckerman 2013) . Several environmental factors can, thus, interact to produce complex SSD patterns (Teder and Tammaru 2005; Mikolajewski et al. 2013) . Predation *Corresponding author. Email: oliver.miler@web.de pressure has been shown to lead to a decreased size at metamorphosis in various arthropod species, such as Ephemeroptera (Scrimgeour and Culp 1994; Peckarsky, Taylor, McIntosh, McPeek, and Lytle 2001; Peckarsky, McIntosh, Taylor, and Dahl 2002; Dahl and Peckarsky 2003) and Odonata (Martin, Johnson, and Moore 1991; Stoks and Cordoba-Aguilar 2012) . Similarly, seasonal time constraints can also result in a reduced size at metamorphosis, such as in Lepidoptera (Nylin and Gotthard 1998; Gotthard 2001) and Odonata (Johansson and Rowe 1999; Stoks and Cordoba-Aguilar 2012) . Female individuals are often more affected than males by deteriorating food quality/quantity as a result of seasonal time constraints (Teder and Tammaru 2005) , due to a high correlation between adult female body size and the number of offspring (and, thus, strong fecundity selection) in many arthropods (Honek 1993; Nylin and Gotthard 1998; Berger, Walters, and Gotthard 2008) .
Variability in SSD and size at metamorphosis influences the fecundity and reproductive output of many arthropod taxa Allen et al. 2011) . Fecundity selection on females and sexual selection on males favour larger body sizes . In most arthropod species, females are the larger sex (Teder and Tammaru 2005; Blanckenhorn et al. 2007; . In insects, females are often demographically dominant, i.e., female reproductive success is independent of male abundance, but the fecundity of each male is proportional to the abundance of females (Roff 1992; Crowley 2000) . Female fecundity can, thus, be derived from body size, and consequently clutch size, as a measure of fecundity, is highly positively correlated with female body size (Honek 1993; McPeek and Peckarsky 1998; Salavert, Zamora-Muñoz, Ruiz-Rodriguez, and Soler 2011) . A large male body size is favoured in territorial species and when large nuptial gifts can enhance female fecundity (Crowley and Johansson 2002; Fox, Stillwell, Wallin, and Hitchcock 2006; . Accordingly, variability in SSD and size at metamorphosis will strongly influence the reproductive output and population dynamics of arthropods.
In recent years, considerable large-scale within-species variability of SSD with latitude (i.e., temperature) has been demonstrated for arthropods (Blanckenhorn, Stillwell, Young, Fox, and Ashton 2006; Stillwell, Morse, and Fox 2007; Stillwell and Fox 2009 ). Blanckenhorn et al. (2006) found for the majority of studied vertebrate and invertebrate species that the body size of male individuals changes faster with latitude than that of female individuals. Specimens of the seed-feeding beetle, Stator limbatus Horn, 1873, were smaller, but more sexually dimorphic, with males being larger than females, at lower latitudes, lower seasonality and higher moisture ). However, much less is known about small-scale, or local, variability in SSD. Studies analysing small-scale variability of SSD are needed in order to better understand the relative importance of local versus large-scale factors in generating SSD variability.
The lack of knowledge concerning arthropod SSD variability is even more evident in aquatic organisms, especially with respect to field studies. Up to now research on SSD variability has mainly focused on Odonata (Crowley and Johansson 2002; Johansson, Crowley, and Brodin 2005; Mikolajewski, Brodin, Johansson, and Joop 2005; Mikolajewski et al. 2013) . Females are larger than males in smaller non-territorial Odonata species with strong selection for female size and, hence, fecundity (Honek 1993; Crowley and Johansson 2002; Johansson et al. 2005) . Males in larger territorial species, however, are under strong selection for large body size in order to defend their territories; this results in larger males compared to females (Crowley and Johansson 2002; Johansson et al. 2005) . Predation, food availability and photoperiod are major environmental factors influencing SSD variability in Odonata (Mikolajewski et al. 2005 (Mikolajewski et al. , 2013 . Odonates have been shown to display considerable SSD and sex ratio covariability (Crowley 2000; Crowley and Johansson 2002; Johansson et al. 2005) . The larger size of female larvae of non-territorial Odonata has been associated with a highly male-biased sex ratio and a female-biased SSD when considering a constant predation pressure and density-dependent population growth (Crowley 2000; Crowley and Johansson 2002; Johansson et al. 2005) . The rationale behind this is that females have a higher foraging activity than males in order to reach a larger size and, therefore, suffer more mortality through predation (Crowley and Johansson 2002) . Hence, under predation pressure sex ratio and SSD can be expected to be inversely related (Crowley 2000; Johansson et al. 2005) . To a far lesser extent SSD has been studied in aquatic species of other arthropod groups, such as Heteroptera (Nosil 2001) , Coleoptera (Fairn, Alarie, and Schulte-Hostedde 2007a, b) and Arachnida (Sch€ utz and Taborsky 2003) .
Here, we study the small-scale variability in SSD, size, sex ratio and population size of an aquatic herbivore, Acentria ephemerella Denis and Schifferm€ uller, 1775 (Lepidoptera: Crambidae) . Acentria ephemerella is a semelparous species (capital breeder) with a short adult lifespan (< 3 days) and one to three generations per year (Berg 1942; Haenni 1980; Gross, Feldbaum, and Choi 2002; Miler 2009 ). Densities can increase over several orders of magnitude during the growth period of its food plants, mainly pondweed species (Potamogeton spp.), from June to September Miler 2009 ). All males of the species are macropterous, i.e., develop large and functional wings, whereas the majority of A. ephemerella females are brachypterous, i.e., with only rudimentary wings (Berg 1942) . Hence, dispersal via flight is only possible for males and a minority of females. High A. ephemerella population densities result in a strong reduction of food plant biomass, especially of the pondweed Potamogeton perfoliatus L., 1753 (Miler and Straile 2010; Le Bagousse-Pinguet, Gross, and Straile 2012) , and consequently a severe food limitation of A. ephemerella (Miler and Straile 2010) . However, predation by sticklebacks can decrease A. ephemerella population growth (Miler, Korn, and Straile 2008) and delay plant defoliation. Predation has also been shown to result in male-biased A. ephemerella sex ratios (Miler et al. 2008; Miler 2009 ). The sex ratio patterns of many terrestrial Lepidoptera species can be influenced by protandry, i.e., the earlier emergence of males before females (Wiklund and Fagerstr€ om 1977; Morbey and Ydenberg 2001) . Protandry is advantageous for polygynous males, especially if females can only mate once in their lifespan or the offspring quality is highest when mating with virgin females, and if the chance of finding a mate is not limited (Wiklund and Fagerstr€ om 1977; Zonneveld and Metz 1991; Wedell 1992) . However, protandry has not been reported so far for A. ephemerella in the scientific literature, and the short adult lifespan also suggests that it is most likely not an important factor in determining A. ephemerella sex ratio bias and SSD (Berg 1942; Gross et al. 2002; Miler 2009 ).
In summary, a variety of factors such as the limitation of food quality/quantity and predation may influence the SSD of A. ephemerella in situ. The aim of this study is to document small-scale seasonal and spatial variability in SSD, its relationship to sex ratio and to discuss it with respect to environmental factors potentially influencing SSD.
Material and methods

Study sites and sampling methodology
Lake Constance, with a surface area of 534 km 2 and a maximum depth of 254 m, is the second largest lake in the pre-alpine region of Central Europe (47 N, 09 E). The Rhine River is the main tributary and flows into the lake at its eastern end. The lake consists of two main basins, Upper Lake Constance and Lower Lake Constance, that are connected by a 4 km long section of the Rhine River and differ strongly in morphology and macrophyte coverage. In the deep Upper Lake Constance (z mean D 101 m), macrophytes grow only in the littoral zones along the steep slopes, whereas they cover wide areas in the shallower Lower Lake Constance (z mean D 13 m) (Schmieder 1997; Wolfer and Straile 2004) . We analysed the larval abundances and pupal sex ratio, SSD and size of A. ephemerella at two sites in Upper Lake Constance, Hagnau (H) and G€ uttingen (G), and one site in Lower Lake Constance, Reichenau (R) (average distance between sites: ca. 16 km).
The main food plants for A. ephemerella in Lake Constance are pondweed species Potamogeton spp., especially P. perfoliatus, Potamogeton pectinatus L., 1753, and Potamogeton lucens L., 1753 . In summer, Myriophyllum spicatum L., 1753, is less important as a food source for A. ephemerella because it contains polyphenols that act as an anti-herbivore defence (Choi, Bareiss, Walenciak, and Gross 2002; Walenciak, Zwisler, and Gross 2002) . However, polyphenols decline in fall in apical shoots, and, thus, larvae eventually feed on M. spicatum when the pondweeds start to die back and, thus, food quality/quantity becomes limiting . Plant shoots of the pondweed P. perfoliatus that were populated by larvae and pupae of A. ephemerella were sampled during two sampling periods (13À20 July and 26 July to 3 August 2005). Previous studies have shown that three size cohorts of A. ephemerella larvae in Lake Constance coexist simultaneously throughout the season from June to August, thereby indicating three overlapping generations per year (i.e., two with direct development and one with indirect diapause development, see Miler 2009 ). Other studies have estimated one to three generations per year for A. ephemerella (Berg 1942; Haenni 1980; Gross et al. 2002) . Unfortunately, more detailed information concerning important life-history characteristics, such as the exact number of generations per year, sex-specific growth rates and development times of larvae and pupae, and the location of the larval diapause stages, is still lacking, but necessary for a deeper analysis of A. ephemerella life-history and population dynamics.
At each sampling site and sampling period, macrophyte samples (5À10 g dry mass each) with attached A. ephemerella larvae and pupae were collected at six replicate areas with a sampling area of ca. 5 m 2 each. Replicate areas were located at depths between 0.7 and 5.2 m and had established macrophyte canopies consisting almost exclusively of P. perfoliatus with P. pectinatus occurring as interspersed specimens or as neighbouring patches (Miler 2009 and personal observation) . The density of A. ephemerella larvae was calculated as individuals per gram plant dry mass (Ind. g ¡1 dm) for each sample. For the determination of pupal size and sex, replicate samples within each site and sampling period were pooled. All pupae found in the field samples (n D 602) were sexed morphologically by measuring and comparing the length of wings and antennae as published in Berg (1942) . Pupal size (pupal body length in mm) was measured under a stereo microscope (Zeiss Stemi 2000-C) at 10£ to 50£ magnification. For the determination of larval densities and pupal body length, sex ratio and SSD, only living individuals collected in the larval (densities) and pupal (body length, sex ratio and SSD) stages in the field were used. The number of dead pupae was negligible and any dead pupae found in field samples were omitted from the analyses. We did not study the ratio of pupated/emerged individuals here, because it is not possible to specify from the pupal remains in the field when an individual has emerged. Due to their short adult lifespan and different adult habitats (winged terrestrial males and wingless aquatic females, Berg 1942), a quantitative assessment of emerged A. ephemerella individuals would not have been possible. SSD was estimated according to Lovich and Gibbons (1992) as SSD D ðsize of the larger sex=size of the smaller sexÞ ¡ 1
In this equation, A. ephemerella females were the larger and males the smaller sex. Pupae in an advanced developmental stage (inferred from eye development) already had well-developed eggs, which could be counted after dissection. Clutch size was determined in 60 advanced A. ephemerella pupae from a subset of our data at the G€ uttingen site, sampled at the end of July and at the end of August. In addition, the clutch size of 10 macropterous female pupae, which were available from a different sampling campaign, was determined.
Fish sampling at the three sites was conducted during 2004 at G€ uttingen (69 sampling units), Hagnau (70 sampling units) and Reichenau (46 sampling units). The reduced number of sampling units at Reichenau in 2004 was due to an earlier seasonal disappearance of macrophyte patches at this site. A second fish sampling campaign took place during 2005, with 23 sampling units each in G€ uttingen, Hagnau and Reichenau. One fish sampling unit consisted of four minnow traps with two different mesh sizes (fine: 3 mm; coarse: 6 mm) and a trap opening diameter of 25 mm. The traps were fixed to a rope and, thus, positioned vertically in the water column via a buoy at the surface and two paving stones as a weight at the bottom of the rope. The traps were placed in the order (from the top) fine-coarse-fine-coarse along the rope. Sampling units were set during daytime within macrophyte patches and were emptied after 24 h.
Statistical analyses
Analysis of variance (ANOVA) was used to test the effect of sampling period (factor, levels: July, August) and sampling site (factor, levels: Hagnau, G€ uttingen, Reichenau) on larval density (dependent variable) and pupal size (dependent variable) and the effect of sex (factor, levels: male, female) on pupal size (dependent variable). The effect of sampling site (factor, levels: Hagnau, G€ uttingen, Reichenau) on stickleback CPUE (dependent variable) was tested with a Kruskal-Wallis test. The effect of sampling period (factor, levels: July, August) on male and female pupal size (dependent variables) at Reichenau was tested with a contrast analysis. We used analysis of covariance (ANCOVA) to analyse the effects of pupal size (covariable) and sampling period (factor, levels: July, August) on clutch size (dependent variable). A logistic regression analysis was used to test for effects of sampling site (factor, levels: Hagnau, G€ uttingen, Reichenau) and sampling period (factor, levels: July, August) on pupal sex ratio (dependent variable). The 95% confidence intervals for % males and for SSD were calculated by nonparametric bootstrap. Statistical analyses were performed using SAS 9.1 (SAS Institute Inc. 2004) and R (R Development Core Team 2011).
Results
SSD showed a strong seasonal decline at all three sites as well as a high spatial variability (Figure 1(a) ). In July, SSD at Reichenau was larger than at the other two sites, while SSD at Hagnau and G€ uttingen did not differ from each other. SSD in August at Reichenau was larger than at G€ uttingen, which in turn was larger than at Hagnau. SSD variability strongly mirrored female size variability (Figure 1(a) and 1(b) , Table 1 ). Females were larger and more variable in size than males. However, male size also showed significant spatiotemporal variability. In contrast to the other two sites, male size showed a tendency to increase from July towards August at Reichenau (Figure l(b) ). Hence, at Reichenau, the sexes showed opposite size responses to season (contrast analysis, pupal size, comparison between July and August, Reichenau females: F 11 , 501 = 9.46, p = 0.0022, Reichenau males: F 11 , 501 = 3.26, p = 0.0716). Pupal sex ratio showed striking spatial variability and was not male-biased at Reichenau, whereas a strong male bias was observed at Hagnau (> 75% males, Figure l(c) ). At all three sampling sites, the larval densities of A. ephemerella increased strongly from July to August, probably due to the successful reproduction of the cohort present in the pupal stage in July. In July, larval densities were higher at Reichenau than at the other two sites (Figure 1(d) , Table 1 ). However, densities did not differ anymore between sites in the second sampling period, presumably because at the end of August, food plants at all three sites were already defoliated and did not allow a further population increase (Figure 1 (d) , Table 1 ); densities presumably had reached the carrying capacity at all sites. Out of 229 female pupae (602 pupae in total) found in the samples, only 3 (1.3%) of them were macropterous. Macropterous pupae were found at Giittingen (one) and Reichenau (two) in July. Because the determination of clutch size can only be conducted with pupae in an advanced developmental stage (see the ' Material and methods' section), the clutch size of 10 macropterous female pupae available from a different sampling campaign was determined. Female pupal size was a strong predictor for clutch size and clutch size increased on average by 101 eggs (± 10 eggs) per mrn pupal length (Figure 2 , t = 9.98, p < 0.0001) for brachypterous pupae sampled in July and August and for macropterous pupae. There was no evidence for differing clutch size-body size slopes between these three groups (ANCOVA,p > 0.05). After accounting for body size, clutch size was highest for brachypterous pupae in July samples (95 eggs ± 14 eggs SE, t = 6.99, p < 0.0001), slightly but significantly lower for brachypterous pupae sampled in August Table I . Results of statistical tests analysing spatiotemporal variability in A centria eplzemerella Denis and Schiffenniiller, 1775 larval population density, pupal sex ratio, and size of female and male pupae. ANOV A was used to test for differences in larval population density and pupal sizes. Logistic regression was used to test for differences in pupal sex ratio between sites and sampling periods. Figure 2 . Relationship between body length of bracbypterous female pupae of Acentria eplzemer ella Denis and Schiffenniiller, 1775 (in mm) and clutch size (i.e., the number of eggs) in July (white circles) and August (black circles) and ofmacropterous female pupae in July (grey squares).
2004, and 19 sticklebacks at G€ uttingen (92 minnow traps) and 3 at Hagnau (92 minnow traps) in 2005. A Kruskal-Wallis test indicated significant differences in catches between sampling sites (F 2, 251 D 6.25, p D 0.0022).
Discussion
Our data suggest spatial co-variability between population characteristics of A. ephemerella in the July samples; larval densities were largest at Reichenau, medium at G€ uttingen and lowest at Hagnau. Female pupal size and SSD were highest at Reichenau with little to no differences between Hagnau and G€ uttingen (Figure 1(a) and 1(b) ), and the sex ratio bias (% males) was lower at Reichenau compared to G€ uttingen and Hagnau. Hence, a higher population size at Reichenau coincided with an unbiased sex ratio, large females and large SSD. In August, the ranking of sites with respect to SSD and sex ratio bias persisted; however, population densities did not differ between sites. The cause for this is presumably strong population growth, since A. ephemerella densities had reached carrying capacity, and high within-site variability (Figure 1(d) ). Co-variation between SSD and sex ratio, i.e., a sex ratio bias at maturation towards the sex with the smaller adult body size, has been predicted to arise for semelparous species when survival costs to achieve a large size exist (Crowley 2000) . This prediction is generally supported for A. ephemerella; at maturation the smaller sex (male) dominates (Miler et al. 2008 ). However, between-site co-variability is contrary to the predictions of Crowley (2000) , since the largest size difference between sexes in our study was associated with the lowest sex ratio bias. An explanation for the differences in patterns of covariability between SSD and sex ratio could be that Crowley (2000) and Johansson et al. (2005) studied the effects of different larval activity patterns (which are assumed to determine predation pressure) on SSD and sex ratio. However, in our study predation pressure was most likely not only determined by larval activity, but also by differences in predator density between sites; we found higher stickleback CPUE at Hagnau and G€ uttingen, compared to Reichenau (see the 'Results' section). Low predation pressure, i.e., small survival costs to achieve a large body size at Reichenau, might have resulted in an unbiased sex ratio and large females (a large SSD), whereas higher predation pressure at other sites might have caused male-biased sex ratios and metamorphosis at a smaller size of females due to phenotypic plasticity.
Adaptive phenotypic plasticity in insect body size in response to predator kairomones is well known (Peckarsky et al. 2002; Benard 2004; Mikolajewski et al. 2013) . However, differential responses to predation as a cause for changes in insect SSD seem not to have yet received much attention and a recent review lists larval density, temperature, photoperiod and diet quantity/quality, but not predation as important environmental factors influencing sex-specific plasticity of insect body sizes ; but see Mikolajewski et al. 2013) . Experimental and field studies assessing the effects of predation on the combined variability of SSD and sex ratio are urgently necessary to widen the focus from the Odonata studied by Crowley (2000) and Crowley and Johansson (2002) to other (aquatic) insect orders.
Among the factors often associated with body size and SSD variability , both temperature and food quantity/quality are unlikely to be the reason for the spatial variability observed in this study. Because Lower Lake Constance is shallower, temperatures were slightly higher at Reichenau than at the other two sites (IGKB 2006) . Food quantity and quality were lowest at Reichenau, as even upper leaves were heavily grazed and started to decay (personal observation). This might be because densities of A. ephemerella larvae were highest at this site, which is in line with experimental findings: Acentria ephemerella herbivory has been shown to affect the quantity and quality of P. perfoliatus, its main food plant in Lake Constance (Miler 2009; Miler and Straile 2010) . Potamogeton perfoliatus specimens that are grazed upon by A. ephemerella larvae show an earlier senescence and a reduced amount of above-and below-ground biomass at the end of the vegetation period compared to the control treatment with no larvae (Miler and Straile 2010) . Furthermore, increased grazing pressure (higher A. ephemerella larval densities) strongly reduces the above-ground biomass of P. perfoliatus (Le Bagousse- Pinguet et al. 2012) . High temperatures and low food quantity/quality have been shown to cause maturation at a smaller size in ectothermic animals (Berrigan and Charnov 1994; . If temperature and food plant quantity/quality are causal for the observed spatial variability in size at metamorphosis and SSD, we would expect the smallest size at metamorphosis to occur at Reichenau. However, the opposite was true; female pupae at the Reichenau site were the largest of all sites.
A pupal sex ratio bias might also be caused by differences in development time between sexes. Protandry is a common phenomenon in many moths and butterflies and can be achieved either by a shorter development time of males or a higher growth rate of males compared with females (Wiklund, Nylin, and Forsberg 1991; Zijlstra, Kesbeke, Zwaan, and Brakefield 2002; Allen et al. 2011) . Faster development and earlier pupation of males should lead to male-biased pupal sex ratios shortly after male larvae start to pupate. However, because of earlier metamorphosis (emergence) of males, protandry should also result in female-biased sex ratios when the first male pupae À but not yet the female pupae À start to emerge. Consequently, if there is protandry in the population, we should expect both male and female bias of A. ephemerella pupal sex ratios to occur. However, during six consecutive study years (2002À2007), we never observed a female bias, but always a male bias in pupal sex ratios (this study ; Miler et al. 2008) . Consequently, differences in development time between male and female A. ephemerella are not likely the explanation for the observed male bias in pupal sex ratios.
Hence, our field data are more consistent with the hypothesis that spatial differences in predation pressure are responsible for the observed differences in A. ephemerella population characteristics, including SSD. This suggests that more emphasis should be put on predation as an important factor influencing SSD of other insect species at least with respect to small-scale spatial SSD variability.
In contrast to its spatial variability, the temporal variability of SSD may be due to a reduced food quantity and quality induced by increasing herbivory due to the increasing population size of A. ephemerella larvae (Figure 1(d) ; Miler and Straile 2010; Le Bagousse-Pinguet et al. 2012; Fornoff and Gross 2014) . The high larval densities reached by A. ephemerella in this study in August 2005 are higher than the highest previously found for A. ephemerella during summer on P. perfoliatus, with 7.2 § 0.7 Ind. g ¡1 dm (August 2000; Gross et al. 2002) . High densities of A. ephemerella larvae, up to 20 Ind. g ¡1 dm, have been shown in experiments to strongly decrease the quality/quantity of P. perfoliatus shoots (Miler and Straile 2010; Le Bagousse-Pinguet et al. 2012) . Diet has been shown to shift SSD in various insect species since adult females are more dependent on nutrients of limited availability (e.g., nitrogen) than males and they are in general more sensitive to deteriorating environmental conditions late in the growth season (Teder and Tammaru 2005) . Hence, deteriorating food conditions are a plausible cause for a reduction of female body size and consequently SSD and clutch size from July to August (Table 1, Figures 1(a) , 1(b) and 2). Here, macropterous pupae were overall less fertile than brachypterous ones (Figure 2) , constituting a possible evolutionary reason for the origin of brachyptery. Altogether, this suggests that different factors might be responsible for spatial versus temporal variability of SSD in A. ephemerella.
We expect the spatiotemporal variability of different life-history characteristics of A. ephemerella to interact and result in combined effects on local population dynamics. A higher male bias in pupal sex ratio and a smaller female size of pupae at Hagnau compared to Reichenau has probably affected population growth of A. ephemerella in two ways. Assuming the pupal sizeÀclutch size relationship in Figure 2 holds true for all sites, smaller pupae at Hagnau have smaller clutches, potentially leading to a lower reproductive output at Hagnau compared to Reichenau (Figure 1(b) ). As in the Hagnau population there was also a lower density of female relative to male pupae than in the Reichenau population (Figure 1(c) ), the difference in reproductive output between these two sites increased further.
Conclusions
In summary, our study suggests the presence of small-scale, within-lake variability in aquatic insect SSD, female size, sex ratio bias and population density. Deteriorating food conditions might have caused the reduction of female body size and consequently SSD and clutch size from July to August. Acentria ephemerella pupal sex ratio was malebiased at G€ uttingen and Hagnau, but showed unbiased or slightly male-biased sex ratios at Reichenau. SSD as well as female pupal size was highest at Reichenau, with little to no differences between Hagnau and G€ uttingen. Hence, at Reichenau, a high population size in July coincided with unbiased sex ratios and a large SSD/female pupal size. This combination of spatial life-history characteristics is probably due to multiple, possibly interacting factors. Field densities of benthivorous sticklebacks and experimental evidence indicate that fish predation might play a major role because stickleback predation pressure has been shown to lead to a male-biased sex ratio and reduced SSD/female pupal size (Miler et al. 2008) , as it is the case in G€ uttingen and especially Hagnau. Clearly, more experimental work is needed to disentangle the effects of the different environmental factors on SSD and sex ratio in this system.
